Human performance in object recognition changes with practice, even in the absence of feedback to the subject. The nature of the change can reveal important properties of the process of recognition. We report an experiment designed to distinguish between non-specific task learning and object-specific practice effects. The results of the experiment support the notion that learning through modification of object representations can be separated from less interesting effects of practice, if appropriate response measures (specifically, the coefficient of variation of response time over views of an object) are used. Furthermore, the results, obtained with computer-generated amoeba-like objects, corroborate previous findings regarding the development of canonical views and related phenomena with practice.
Introduction

General background
Recent results in visual psychophysics indicate that practice, including mere repeated exposure without feedback, affects human performance in object recognition in several ways (Tarr and Pinker, 1989; Edelman et al., 1989; Edelman and Weinshall, 1991) . In a typical recognition experiment, the subject is first shown the target object, possibly from several viewpoints and/or in motion. The subject is then asked to recognize various views, either familiar or unfamiliar, of objects that may themselves be novel. The present discussion is limited to the case of familiar test views (see (Rock and DiVita, 1987; Edelman and Biilthoff, 1990b; Biilthoff and Edelman, 1991) for a treatment of the question of generalization of recognition to novel views). Furthermore, we assume that the task calls for subordinate-level recognition (that is, both the target and the non-target objects belong to the same basic category (Rosch et al., 1976) ; for basic-level recognition, see, e.g., (Biederman, 1987) ).
Not unexpectedly, under these conditions practice causes a general reduction in mean response time (RT). In addition, if the subject is given feedback about the correctness of the response, the error rate (ER) undergoes a similar evolution.' However, it appears that practice also precipitates less trivial changes in RT and ER. To understand the nature and possible cause of these changes, we must first consider the two major characteristics of human performance in the recognition of previously seen views of 3D objects.
Canonical views and mental rotation in recognition
The two basic characteristics of subordinate-level recognition that undergo pronounced change with practice are illustrated schematically in figures 1 and 2. These are the phenomena of canonical views (Palmer et al., 1981; Edelman et al., 1989) and pseudo mental rot ation (analogous to the "classicalJ' mental rotation of (Shepard and Metzler, 1971 ); see (Tarr and Pinker, 1989; Edelman and Weinshall, 1991) ).
Canonical views
Three-dimensional objects are more easily recognized when seen from certain viewpoints, called canonical, than from other, random, viewpoints (Figure 1 ). The advantage of canonical views is manifested in consistently shorter response time, lower error rate and higher subjective "goodness" rating (Palmer et al., 1981) . Canonical views are routinely found for synthetic novel objects under controlled exposure conditions, even when each view is shown equally often (Edelman et al., 1989) .
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Figure 1: Canonical views: certain views of 3D objects are consistently easier to recognize or process in a variety of visual tasks (Palmer et al., 1981) . For example, a front view of a pair of spectacles is bound to yield lower response time and error rate and to receive higher subjective "goodness" score than a top view of the same object. Such differences may exist even among views that are seen equally often.
Figure 2: Recognition time for an object grows monotonically with its misorientation relative to a canonical view, as if the object is mentally rotated t o match an internal representation. Rates of "rotation" range between 40°/sec and 550°/sec (see (Tarr and Pinker, 1989) ), depending on the stimuli and the task. This effect tends, however, to disappear with practice (Tarr and Pinker, 1989; Edelman et al., 1989 ).
Pseudo mental rotation
Transition from a canonical to a non-canonical view of an object does not merely increase the expected recognition time. Rather, response latency depends on the viewpoint in an orderly fashion, growing monotonically with misorientation relative to the nearest canonical view ( (Tarr and Pinker, 1989; Edelman and Biilthoff, 1990b ); see Figure 2 ). This dependency of response time on misorientation resembles the celebrated finding by Shepard and Metzler (Shepard and Metzler, 1971 ) of a class of phenomena that became Figure 3 : An example of the amoeba-like stimuli used in the experiment. These 3D shapes were created by a computer graphics program which generated between four and eight protrusions or indentations on a sphere. The image in the center represents one view of a amoeba-like 3D object. The other images are derived from the same object by &75" rotation around the vertical or horizontal axis. The objects were rendered during testing, in real time, on a graphics monitor. 1 and 2) were shown in an alternating fashion (that is, blocks 1,2,3,4 corresponded to object sets 1,2,1,2). In this arrangement, the change in performance from block 1 to block 2, and from 3 to 4 could be interpreted as task learning, while the change between the means of blocks 1,2 and 3,4 would signify object-specific learning. The design of the experiment described below reflects this line of reasoning.
Experimental method
Subjects
Five subjects participated in this experiment (see Table 1 ). Two of the subjects (smd and cda) were inexperienced observers, and were naive as to the questions under study. The other three had had varying amounts of previous experience in visual psychophysics.
Stimuli
The stimuli were computer graphics renderings of irregular three-dimensional objects ("amoebae"; see Figure 3 ). Forty-eight amoebae were generated by creating between four and eight random extrusions and/or indentations on a standard sphere. This process was
The test phase of each each sequence was also initiated by the subject, upon the presentation of a verbal prompt. Each of the 11 possible views (-90' to +90°, at 18' intervals) of the target object for that sequence was then shown three times, in a random order. The 33 target views were randomly intermixed with 33 random views belonging to the six distractors assigned to that target. The subject's task was to decide whether the displayed view belonged to the target shown previously in the training phase, or not (two-alternative forced choice). Subjects indicated their choice by pressing one of two buttons on a standard computer keyboard. Response caused the disappearance of the test image, and the appearance of a central fixation cross. The fixation cross was present for a 500ms interval, and was followed by the next test image.
ExperimentaI results
Error rate effects
Since all the test views in the experiment have been shown to the subjects during training, generalization (Biilthoff and Edelman, 1991; Edelman and Bulthoff, 1990a) was not an issue. Consequently, the distribution of error rates for different views is of secondary importance, and its detailed description has been relegated to the appendix. We mention at this point only that the mean error rate was 7.8%, and that there was no evidence of speed-accuracy trade-off, as the response times and the error rates exhibited similar dependence on misorientation relative to the canonical view.
Raw response time effects
Response time (RT) was the main dependent variable of interest in the experiment. RT was measured from the moment the stimulus appeared on the screen to the subject's key press. RTs shorter than 250ms or longer than 3000ms were discarded. Mean RT ranged from 874 4 15ms in session 1 to 553 rt 15ms in session 2. Overall mean response time in the experiment was 713ms. Note that these short RTs are a good indication that the subjects' response was automatic and not premeditated (as, e.g., in the classical ment a1 rotation experiments (Shepard and Metzler, 1971) ).
Development of response time with practice
As expected, RT exhibited continuous decrease throughout the four experiment a1 blocks, both for order 1 and 2 (see Figure 4) . Clearly, subjects become more proficient in solving the given recognition task, since the RTs decrease from each block to the next, without regard to the identity of the target set in each block. The decrease in RT and its eventual flattening-out in session 2 signify the extent of task learning that happened in the experiment. Notably, the asymptotic value of RT was the same for both groups of subjects, even though their RTs in block 1 differed significantly. Recall different subject groups were tested in these two conditions (see Table 1 ). Error bars here and below show 41 standard error of the mean.
Pseudo mental rotation effect in RT and its development with practice
As we have mentioned in section 1, it has been previously found that RT for a given view of a 3D object increases monotonically with its misorientation relative to (the closest (Tarr and Pinker, 1989) ) familiar or canonical view. Furthermore, this dependence tends to disappear with practice after only a few exposures of the subject to the testing views. In three dimensions, this pseudo mental rotation phenomenon has been demonstrated only for stick or wire-like objects (Tarr and Pinker, 1989; Edelman et al., 1989) . We have reproduced both the existence of pseudo mental rotation and its weakening with practice with the amoeba-like targets of the present experiment.
The analysis of the dependence of RT on object orientation proceeded as follows. First, a (subject-specific) canonical view was identified for each target object as the test view that yielded the shortest RT in session 1. Next, every view was assigned a distance D from the best-RT view, defined as the absolute value of the angular misorientation between the two. Finally, RT was plotted against Dl separately for sessions 1 and 2 (see Figure 5 ). The dependence of RT on D was assessed by computing the regression coefficients of D. The approximation for session 1 resulted in a reciprocal rotation rate (the coefficient of D ) of 4.2 f 1.4ms1° (T(1,465) = 2 . 9 ,~ < 0.004).3 In comparison, in session 2 both the reciprocal of rotation rate and its significance were greatly reduced: the coefficient of D was 1.3 f 0.6msl0, T(1,470) = 2.1, p < 0.04. We remark that in an 3The coefficient of D2 was also computed, and found to be very small, negative and of marginal significance (p = 0.08). analogous experiment with wire-like objects five to ten trials per view were necessary to obliterate completely the effect of mental rotation in recognition (Edelman et al., 1989) .
Normalized response time effects
The main statistical measure of performance that allowed us to compare task and object learning in this experiment was the coeficient of variation of response time over views of the target (CVRT), defined as the standard deviation of RT divided by its mean. Previous studies of the development of recognition with practice (Edelman et al., 1989; Edelman and Weinshall, 1991) employed the CVRT measure as an indicator of the strength of the canonical views phenomenon, claiming that it captures the variability of response time over different views of an object, whiIe discounting the effect of general proficiency (as seen in the decrease of mean response time). The present analysis attempted to clarify this issue, by separating object-specific decrease in CVRT from a non-specific component (presumably, related to task proficiency).
The effects of practice on CVRT were assessed by a General Linear Models (GLM) procedure, in a 3-way (Session x Target-set x Order) repeated measures analysis of variance. According to the experimental design described in the previous section, Session was a within-subjects effect, while the effects of Target-set and Order were betweensubjects. The two sought-after types of practice effects -object learning and task learningcan be distinguished in the experimental data as follows. First, object learning would be apparent in a significant Session main effect, since both target sets (and all subjects) CV of RT vr Trlal bhck, by T a r~a t Set and Ordar Figure 6 : The logic behind the interpretation of experimental results described in section 3 is illustrated in this figure, which shows a plot of the development of CVRT for the two groups of subjects. The first group (solid line) was shown target sets in the order 1, 2, 1, 2, while the order for the second group (dashed line) was 2, 1, 2, 1 (see Table 1 ).
Although the mean CVRT for the two groups was different, the effects of learning were the same. Specifically, the lack of decrease in CVRT between blocks 1 and 2 and between blocks 3 and 4 indicates that if any task learning was present, it did not affect the CVRT measure. On the other hand, the decrease in CVRT between the average of blocks 1 and 2 on one hand, and blocks 3 and 4 on the other hand (corresponding to the significant Session effect in the analysis of variance in section 3) indicates pronounced object learning. In other words, CVRT (that is, the strength of the canonical views phenomenon) decreases only if the same object set is seen for a second time.
contribute equally to Session means. Second, the lack of Order x Target-set interaction, in conjunction with a Block effect (namely, a decrease in CVRT from target set 1 to 2 in the first row of Table 1 , and a similar decrease from set 2 to 1 in the second row of the table), would signify task learning, since that would mean that being the first or the second in a given session is a stronger determinant of CVRT than random factors having to do with object identity (see Figure 6 ).
As Figure 6 shows, the experimental data indicate that CVRT is indeed an appropriate measure of the strength of canonical views, since it appears to be susceptible to objectspecific learning effects, but not to general proficiency of the subject (task learning). The analysis of variance supports this conclusion: the only significant effects for CVRT it reports are those of Session (F(1,56) = 6 . 2 7 ;~ < 0.02) and of Order (F(1,56) = 3.36; p < 0.07). As we have mentioned, the Session effect represents object learning, while the Order effect is irrelevant to the issue of learning (see also the caption to Figure 6) and has to do with between-subjects differences.
Summary
The goal of the present study was to quantify and and compare effects of task and object learning in visual recognition. Experimental results we have discussed indicate that these two types of learning may be treated separately, provided that appropriate measures are employed for their quantification. In particular, the effect of task learning, as measured by the reduction in the mean response time, appears to saturate after a few trials, when the response time reaches its asymptotic value (about 550ms in our experiments). Importantly, mean RT is reduced mo matter what the target objects are (that is, mean RT as a measure of task Iearning is object-nonspecific, as it should be).
On the other hand, the development of the coefficient of variation of RT with practice, which is a useful estimate of the development of canonical views, appears to be indeed an object-specific measure of learning.
An immediate benefit of this finding is a corroboration of our earlier results regarding the development of canonical views with practice (Edelman et al., 1989) , this time with amoeba-like rather than wire-like objects. Specifically, practice-induced modification of object representations (Edelman and Weinshall, 1991) gains thereby plausibility as an explanation of the weakening of canonical views and of the mental rotation-like phenomena associated with them.
Appendix: Error rate effects
As we have explained above, error rate effects are of secondary relevance in the present experiment, in which only previously seen views were shown, and in which the subjects received no feedback as to the correctness of their responses. Consequently, the only two characteristics of the pattern of error rates that we mention here are the absence of speed-accuracy trade-off, important for the assessment of the validity of response time data, and the independence of error rate on practice.
Absence of speed-accuracy trade-off
Evidence in favor of the conclusion that shorter response time was not traded off for higher error rate can be seen in Figure 7 , which shows the dependence of ER on misorientation D relative to the shortest-RT view (compare with Figure 7) . Clearly, the best-RT view is also the best as far as ER is concerned. Furthermore, neither this, nor the dependence of ER on D, which resembles the dependence of RT on D, was affected by practice. 
Independence of error rate on practice
The mean error rate in the experiment was not affected by practice (see Figure 8 ), which is expected given that there was no feedback to the subjects. Neither did practice have any effect on the coefficient of variation of ER over views (just as it was found in a similar experiment with wire-like objects (Edelman et al., 1989) ).
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Figure 8: The development of error rate (ER) with practice. Blocks 1 and 2 correspond to session 1; blocks 3 and 4 -to session 2. There is no effect of block, as expected in the absence of feedback to the subjects.
